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"Improved Sensor Membranes ■ 

FlQld Of thft Tn yentinfl 

The present invention relates to electrode 
membrane combinations for use in ion selective 
electrodes and biosensors. i„ addition, the present 

electrode membrane combinations and the use of ion 

TltlTT elSCtr0des and biosensors incorporating such 
electrode membrane combinations in the detection of 
analytes. The present invention also relates to novel 
compounds used in the electrode membrane combination! 
Background of the. imsiXisn S< 

Lipid bilayer membranes (also known as black' lipid 
membranes - BLM's) are well v n n™ • ^ »J-acjc iip ld 

i< ' wen known m the biolooical anrf 

15 chemical fields Th<= a »,ii!* * . 9 aj " and 

the ion fi !! ability of ionophores to modulate 

the ion flux through these membranes is also well known 
Modulation of the ion flux of i->,- w 
to , he membrane in response 

to specifxc molecules is al<*n i«-t,«.™ . 
. . . . iS axso Known, especially in the 

biochemical fields. The HniH mi 7 

Tne 1;L Pici bilayer membranes are 
however extremely fragile and sensitive to non-specific 
Physical and chemical interference. The preparation aL 

an7lT e Y f BLM ' S ^ fUlly deSC ^ d ^ textbooks 

and literature articles. 
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It has been known since 1967 that ionophores 
incorporate into lipid bilayers (P. Mueller et al, 

etTTsitT^ 8, COmmUn -' 26 (1967) 298 '- Lev 

sllj giY *' 9 (196?) 102; ) in BL *'* -d that the 

selective ion flux through the membrane could thus be 
monitored. Possibility of producing a lipid bilker 

u C s°i;: s ±n l i0n ° Ph0reS ^ i0n±C h ^ ™ oil and 
using such as an ion selective electrode has also been 
suggested („.,. K rull et al, US Patent No 4,661^235 
Apr. 28, 1987,, however no means of obtaining 
reproducible and stable bilayer membranes have been 
taught in the art. Using a Langmuir-Blogett bilayer and 
multilayer approach ( T. L . Fare et al ^ ^ll^ 
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3 ,1991). Sl-12, A. Gllardoni et .1, Colloids and 
sU.ce. «. (1992,, 235-242, has been 
however the ion selectivity was inadequate and the 
dispense time was too slow tor practical purpose, 

are any 01 sucn as valinomycin, 

'° =. ^l^other hatar.li r=! 

ion carriers, or synthetic ionophores -"*-J^Ut 
coronands. cryptands or podands, or low^ "" 3 
,<5000 g/mol) naturally occurring or synthetic ion 
h.Lel. such as gramicidin, alamethicin, mellrtin or 
" k derivatives Additionally trialxylated amines or 
^lic ^ids such as phytic acid may serve a, proton 

l ° nOPh Ion S channels may also include large, lipid 

nrotein ion channels, especially 
- XTSTSSi ratability is enhance, J through 
their incorporation into lipid bilayers that are 
essentially £ree of extraneous alkane material. 

» the broad context of the present invents 
25 lipids are deemed to be any amphophilic molecules 

either naturally occurring or synthetic * 
hydrophobic hydrocarbon group and a hydrophrlrc head 

gr ° UP ' Biosensors and ion selective electrodes 

each of these references is incorporated herern by 
35 reference . 
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j . _ , |l " disclosed ^ these applications, suitably 
modxfxed receptor molecules may be caused to co-disperse 
with amphiphilic molecules and produce membranes with 
altered surface binding properties wh i ch are useful in 
the production of biosensor receptor surfaces of high 
bxndxng ability and high binding specificities . it is 
also disclosed that ionophores such as polypeptide 
ionophores may be co-dispersed with amphiphilic 
molecules, thereby forming membranes with altered 
properties in relation to the permeability of ions. 
There is also disclosure of various methods of gating 
these xon channels such that in response to the binding 
of an analyte the conductivity of the membrane is 
altered. The applications also disclose methods of 
producing membranes with improved stability and ion flux 
usxng chemisorbed arrays of amphiphilic moLcules 
attached to an electrode surface and means of producing 
Ixpxd membranes incorporating ionophores on said 
chemisorbed amphiphilic molecules. Additionally, means 
of co-dxspersing ion selective ionophores with 
amphiphilic molecules thereby producing ion selective 
membrane combinations are disclosed. 

The present inventors have now determined improved 
means of increasing the stability and ion flux 
properties of the lipid membranes through the use of 
novel synthetic lipids and i ipid combinations, and novel 
means of membrane assembly. 

In various embodiments the present invention 

i c x°px S ds st I i\T use of novel bilayer meinbrane 

lipids and bxlayer lipids and methods of assembly 
thereof, i„ order to modulate the properties of the 
Ixpxd sensor membrane so as to control the ion transport 

Tthe : e i of the ionophore - the thickness ^idi t r 

of the membrane, the stability of the membrane, the 
res ponse to serum, pl asma or blood, and the non-specific 
absorptxon of proteins to the membrane. 
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SU pnarv o f ^ T mention 

in a first aspect, the present invention consists 
in a linker lipid for use in attaching a membrane 
including a plurality of ionophores to an electrode and 
providing a space between the membrane and the electrode 
in which the membrane is either in part or totally made 
up of the linker lipid, the linker lipid comprising 
within the same molecule a hydrophobic region capable of 
spanning the membrane, an attachment group used to 
attach the molecule to an electrode surface, a 
hydrophilic region intermediate said hydrophobic region 
and the attachment group, and a polar head group region 
attached to the hydrophobic region at a site remote from 
the hydrophilic region. 

In a preferred embodiment of the present 
invention, the head group region is selected from the 
group consisting of groups normally associated with 
naturally occurring or synthetic lipids such as 
glycerol, phosphatidyl choline, phosphatidyl 
ethanolamine, mono-, di- or tri-methylated phosphatidyl 
ethanolamine, phosphatide acid, phosphatidyl serine, 
phosphatidyl glycerol, phosphatidyl inositol, 
disubstituted head groups as found in cardiolipins , 
ganglioside head groups, sphingomyelin head groups, 
plasmalogen head groups, glycosyl, galactosyl, 
digalactosyl, sulfosugar, phosphosugar , N-acetyl 
neuramic acid, sialic acid, aminosugar head groups, 
carbohydrate head groups, gal(betal-3)galNAc(betal- 
4) [NAcNeu(alpha2-3]gal(betal-4)glc-ceramide, oligomers 
of ethylene glycol, ethylene glycol, oligomers of 
propylene glycol, propylene glycol, amino acids, 
oligomers of amino acids, combinations of oligomers of 
ethylene glycol or propylene glyco f unctionalised with 
amino acids or other ionic species or any combination or 
derivative of the above. 
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natural 9enera1 ^ Preferred that the head group is a 

used to Ln C T ri \ 9 " SynthetiC hSad that °« *• 

used to minimise the non-specific binding of proteins 
onto the surface of the membrane. Proteins 

In a further preferred embodiment of the present 
invention, in order to provide surf.ro >, P^ent 
thai- m <„- • P^viae surface characteristics 

that minimise the non-specific binding of proteins it 
is preferred that the head group is a polyethylene' 
glycol ranging in molecular weiaht of h / etfty * ene 
g / mol . r wei 9 nt °f between 600-6000 

is a 11 a h fUrthSr P ref ^red embodiment, the head group 
a Phosphatidyl choline group. P 

in a further preferred embodiment, the head group 
a glycerol head group. 9 P 

is a b^L a fUrthSr PrefSrred ^odiment, the head group 
a biotin or a biotinvlatert c =™ • P 

or an N hi <-»+• ■ n lotin yIated 6-ammocaproic acid group 
an N-bxotxnylated oligomer of 6-aminocaproic acid. 

is a GalLTTT r PrefSrred ^d-ent, the head group 

a Gal(betal-3)gal NA c(betal-4) [NA cNeu(alpha2- 
3]gal(betal-4-Glc-ceramide head group. 

In a further preferred embodiment, of the oresent " 
invention it is preferred that t-ho », J present 
caoabla n . . . P fl tnat the he ad group is a group 

capable of being used to covalently link a protein 
molecule onto the linker lipid. The ? 
mav ho a) fi, p Tne Protexn molecule 

2l t „ T 3 teCeptor as «* antibody or an 

anybody fragment or may b9 „ enzyine ^ ^ - 

protein molecule chosen in ordpr « • : 

properties to the membrane ^ bi ~°»P a «"« 

te „. " i* fUrthe ^ P«f erred that the head group is 

useTt Tlo " 3 C " b ™* lle "« «»-P capable o/beLg 
used to conjugate the linker lipid with a protein 
molecule via the amine groups on the protefn 
„, " A ' fUrther P^erred that the head group is a 
400-1000g/mol terminated in a carboxyli = acid group. 
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in a further preferred embodiment, the head group 
is a group capable of being covalently linked with a 
protein molecule via the aldehyde groups generated from 
the oxidation of carbohydrate groups on the protein 
molecule. 

in a further preferred embodiment, the head group 
is a hydrazide derivative. 

in a further preferred embodiment, the head group 
is a polyethylene glycol terminated in a carboxy 
hydrazide derivative. 

in a further preferred embodiment, the head group 
is a group capable of being covalently linked to a 
protein molecule via free thiol groups on the protexn 
molecule. 

It is further preferred that the head group is a 

maleimide derivative. 

in a further preferred embodiment, the head group 
is a group capable of being covalently coupled to a 
carboxylic acid group on a protein molecule. 

It is preferred that the hydrophobic group has the 
general structure as shown in Figure 1 where the group 
(X) is a hydrocarbon chain that is approximately half 
the length of the group (Y) . 

It is preferred that the group (X) will generally 
be between 10-22 carbons in length and may be a 
saturated, unsaturated or polyunsaturated hydrocarbon, 
or may be an alkyl substituted hydrocarbon such as the 
phytanyl group or other mono- or permethylated 

hydrocarbon chain. 

It is further preferred that the group (X) is a 

phytanyl group. 

in a preferred embodiment of the present 
invention, the group (Y) in Figure 1 is a single chain 
hydrocarbon group of length between 20-60 A long. 

in a further preferred embodiment the group (Y) 
consists in a single chain group that is between 20-60 k 
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long and contains within the chain a rigid spacer group 
such as biphenyl ether or biphenylamine or other 
biphenyl compound. The rigid spacer group serves the 
function of making the synthesis of the group simpier as 
xt easily enables the coupiing of two smaller alkyl 
chains onto the rigid spacer group, enabling long 
sections of the group (Y) to be synthesised readily. 

linked T 061 ^ 3lSO enhanCSS thS abilit y ° f «». 
linker lipid to assume the membrane spanning 

10 conformation of the linker lipid as opposed to an U- 
shaped conformation within the membrane. 

in a further preferred embodiment, the group (Y , 
xs a single chain group that is between 30-50 A long and 
<=on^,ns wxthin the chain a N,N ' -alkyl substituted 4,4'- 

15 bxphenyl amine group. 

In a further preferred embodiment, the group m 
is a single chain group that is between 30-50 A long and 
contains within the chain a 4 , 4 < -biphenyl ether group. 

v. 1 " 3 fUrthSr P re ^«ed embodiment, the group (Y) 
20 xs a bis-hexadecyl 4 , 4 • -biphenyl ether. 

in a further preferred embodiment, the group (Y) 
xs a bis-tetradecyl 4 , 4 > -biphenyl ether. 

In a further preferred embodiment, the group (Y) 
is a bis-dodecyl 4 , 4 ' -biphenyl ether. 
25 In a further preferred embodiment, the group (Y) 

xs a single chain group that is between 20-60 A long and 
contains within the chain an alkyl substituted aminl 

in a further preferred embodiment, the group (Y) 
consist in a single chain group that is between 20-60 A 
» long and contains within the chain a bis-alkylated 
pentaerythritol group. 

In a further preferred embodiment of the present 
invention, the membrane spanning lipid is a single chain 
ixpxd xn which the group (X, in Figure 1 is absent. 

In a further preferred embodiment, the group f Y) 
contains groups that can alter their conformation in 
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response to an external stimulus such as light, pH, 
redox chemistry or electric field. The change in 
conformation within the group (Y) will allow the 
properties of the membrane such as thickness to be 
controlled through such external stimulus. This can in 
turn be used to modulate the conduction of ion channels 

through modulation of the on/off times of the channels 

and the diffusion of the channels. 

in a preferred embodiment, where the group (Y) 

alters its conformation in response to light stimulus, 

the group (Y) contains a 4,4- or 3 , 3 • -disubstituted 
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azobenzene. 

In a further preferred embodiment the group (Y) 
contains a group that undergoes a spiropyran-merocyanine 
equilibrium in response to light stimulus. 

in a further preferred embodiment of the present 
invention, the hydrophobic region of the linker lipid 
consists of oligomers of long chain amino acids, such as 
11-aminoundecanoic acid, 16-aminohexadecanoic acid or 
other amino acid where the carbon chain is preferably 
between 6-20 carbons long, and where the amino acids are 
linked via amide linkages. 

It is further preferred that the amide groups are 
tertiary, alkyl substituted amide groups, where the 
alkyl groups are phytanyl groups or saturated or 
unsaturated alkyl groups between 1-18 carbons in length. 

The nature of the hydrophilic group, the 
attachment group and the electrode are as described in 

PCT/AU9 2/00132 . 

As is set out in this earlier application it is 
preferred that the attachment region of the linker lipid 
is attached to the electrode surface by chemisorption. 
in a situation where the electrode is formed of a 
transition metal such as gold, platinum, palladium or 
silver, it is preferred that the attachment region 
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includes thiol, disulphide, sulphide, thione, xanthate, 
phosphine or isonitrile groups. 

In further preferred embodiment the electrode is 
formed of gold, silver, platinum or palladium and the 
attachment region includes either a thiol or a disulfide 
group, the linker lipid being attached to the electrode 
by chemisorption. 

In an alternate embodiment where the electrode is 
formed such that a hydroxylated- surface is formed on the 
electrode, it is preferred that the attachment region 
includes silyl groups such as silyl-alkoxy or silyl 
chloride groups. The hydroxylated electrode surface may 
be a prepared by a number of techniques known to someone 
skilled in the art and may consist of oxidised silicon 
or oxidised metals such as tin, platinum, iridium. 

In yet a further preferred embodiment the 
electrode is formed of oxidized silicon, tin, platinum 
or iridium and the attachment region includes silyl 
groups, the linker lipid being attached to the electrode 
by covalent attachment. 

The hydrophilic region of the linker lipid is 
preferably a long chain hydrophilic compound. The 
hydrophilic region of the linker lipid may be composed 
of oligo/poly ethers, oligo/poly peptides, oligo/poly 
amides, oligo/poly amines, oligo/poly esters, oligo/poly 
saccharides, polyols, multiple charged groups (positive 
and/or negative), electroactive species or combinations 
thereof. The main requirement of the hydrophilic region 
of the linker lipid is that it allows the diffusion of 
ions through the ionophores provided in the membrane 
This is achieved by the placement of suitable ion and/or 
water binding sites along or within the length of the 
long chain that makes up the reservoir region. 

In a preferred embodiment of the invention the 
hydrophilic region consists of an oligoethylene oxide 
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group. The oligoethylene oxide group may consist of 
four to twenty ethylene oxide units. 

in a further preferred embodiment the hydrophxlxc 
region consists of a subunit of tetraethylene glycol 
5 attached to succinic acid. This tetraethylene 

glycol/ succinic acid subunit may be repeated 1-4 txmes. 

in a further preferred embodiment the hydrophobic 
region of a proportion of the linker lipids have 
covalently attached thereto an ionophore via a 

10 hydrophobic spacer. 

As set out above the molecule having a hydrophobic 
region as shown in Fig. 1 incorporating a rigid spacer 
group provides a number of advantages. This hydrophobic 
region can, of course, be synthesized separately from 
,5 the hydrophilic region, attachment region, and polar 
head group region. This hydrophobic region, or 
synthetic lipid, is believed to be new in its own right 
and can be included in bilayer membranes as a membrane 
spanning lipid to improve various characteristics of the 
20 membrane, such as stability. 

Accordingly, in a second aspect the present 
invention consists in a synthetic lipid for use in 
bilayer membranes, the synthetic lipid having a 
structure as shown in Figure 1 in which Y is a single 
25 chain group that is between 20 and 60A long and contains 
a rigid spacer group and X are hydrocarbon chains 
approximately half the length of Y or are absent. 

It is preferred that the group (X) will generally 
be between 10-22 carbons in length and may be a 
30 saturated, unsaturated or polyunsaturated hydrocarbon, 
or may be an alkyl substituted hydrocarbon such as the 
phytanyl group or other mono- or permethylated 
hydrocarbon chain. 

It is further preferred that the group (X) is a 

35 phytanyl group. 
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In a further preferred- embodiment the rigid spacer 
group is a biphenyl ether or biphenylamine or other 
biphenyl compound. 

In a further preferred embodiment, the group (Y) 
5 xs a single chain group that is between 30-50 A long and 
contains within the chain a N,N'-alkyl substituted 4,4'- 
biphenyl amine group. 

In a further preferred embodiment, the group (Y ) 
is a single chain group that is between 30-50 A long and 
10 contains within the chain a 4 , 4 ' -biphenyl ether group 
In a further preferred embodiment, the group (Y ) 
is a bis-hexadecyl 4 , 4 ' -biphenyl ether. 

In a further preferred embodiment, the group. (Y ) 
13 a *>is-tetradecyl 4 , 4 • -biphenyl ether. 
15 In a further Preferred embodiment, the group m 

is a bis-dodecyl 4 , 4 ' -biphenyl ether. 

in a further preferred embodiment, the group (Y) 
is a single chain group that is between 20-60 A long and 
contains within the chain an alkyl substituted amine. 

In a further preferred embodiment, the group ( Y ) 
consist in a single chain group that is between 20-60 A 
long and contains within the chain a bis-alkylated 
pentaerythritol group. 

in a further preferred embodiment of the present 
25 invention X in Figure 1 is absent . 

in a further preferred embodiment the synthetic 
lipid includes a head group. Preferred head groups are 
those listed in the first aspect of the present 
invention . 
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The present inventors have determined that the 
linker lipids described in the first aspect of the 
present invention as well as the linker molecules 
described in PCT/AU92/00132 , where the attachment group 
is a thiol and the hydrophobic region is a single 
hydrocarbon chain, or where the attachment group is a 
thiol or disulfide group and the hydrophobic region is 
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made up of two hydrocarbon chains, then, when these 
linker lipids are adsorbed onto a freshly prepared noble 
metal electrode a close packed monolayer membrane is 
formed that does not permit the ionophore to easily 
penetrate into the membrane, hence restricting the ion 
flux through the membrane. If electrode surfaces are 
used that are contaminated then the adventitious 
introduction of defect sites, where the chemisorption of 
the sulfur containing groups does not occur, will allow 
ionophores to penetrate into the monolayer. 
Contamination of the surface of a gold electrode can 
occur by adsorption of contaminants from air over a 
period of minutes to hours and results in electrode 
surfaces that can suffer from poor reproducibility and 
stability. The present inventors have devised a more 
controlled method of producing membranes with the 
required spacing between the linker molecules, while 
still retaining the efficient and reproducible 
attachment of the hydrophilic molecules onto the 
electrode surface during the deposition of the first 
layer. 

In the prior art it has always been believed 
necessary that on forming a second lipid layer onto 
coated electrodes an apolar containment vessel is 
required in order to obtain sealed bilayer membranes on 
solid substrates. Additionally, the prior art teaches 
that an alkane co-solvent such as decane, dodecane, 
tetradecane or hexadecane is beneficial in the formation 
of highly insulating lipid membranes. The present 
inventors have now determined means whereby it is 
possible to form insulating lipid bilayer membranes with 
a minimal amount or no alkane co-solvent and without the 
need for an apolar containment vessel. The inventors 
believe this to be beneficial for control of non- 
specific serum effects, stability, ion conduction and 
possibly to reduce non-specific binding of analyte 
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molecules to the containment vessel. Incorporation of 
ionophores into the bi layer membrane allows the ion flux 
through the membrane to be modulated depending on the 
nature of the ionophore as taught in the prior art. 
5 Additionally, the present inventors have determined 

means whereby it is possible to reduce the interference 
caused by the presence of serum or plasma on the lipid 
membrane by using lipid combinations that reduce the 
effect of non-specific ionophore gating effects. 

Accordingly, in a third aspect, the present 
invention consists in a method of producing an electrode 
membrane combination comprising the steps of :- 

(1) Forming a solution containing reservoir lipids 
comprising within the same molecule an attachment 
region, a hydrophilic region, a hydrophobic 
regions, and optionally a head group; and spacer 
compounds comprising within the same molecule a 
hydrophilic group and an attachment group; 

(2) contacting the electrode with the solution from 
step (1), the composition of the electrode and the 
attachment regions being selected such that the 
attachment regions chemisorb to the electrode; 

(3) rinsing the electrode; 

(4) contacting the coated electrode from step (3) with 
a solution of lipid and ionophore in a carrier 
solvent containing less than 2% of an alkane such 
as decane, dodecane, tetradecane or hexadecane; 
and 

(5) adding an aqueous solution to the electrode from 
step (4). 

The hydrophobic region of the reservoir lipid may 
be either half or full membrane spanning. 
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In a preferred embodiment, the reservoir lipid is 
2 3- ( 20 ' -oxo-19 ' -oxaeicosa- ( 2 ) -9 ' -ene ) -70-phenyl- 
20, 25, 28,42 , 45-pentaoxo-2 4aza- 

19,29,32 ,35, 38, 41, 46, 47,52, 55-decaoxa-5 8 , 59- 
5 dithioahexaconta-(Z)-9-ene as described in 

PCT/AU92/00132, referred to hereafter as "linker A" or 
reservoir phytanyl lipid (B) as shown in Fig. 7 or 
reservoir phytanyl lipid (C) as shown in Fig. 8. 

In a preferred embodiment, the spacer molecule is 
10 a low molecular weight molecule containing within the 

same structure a thio or disulfide group and one or more 
hydroxyl or carboxylic acid groups. 

In a preferred embodiment, the spacer molecule is 
bis(2-hydroxyethyl) disulfide or 2-mercaptoethanol . 
15 in a preferred embodiment, the solution of step 1 

contains a mixture of linker A, membrane spanning 
reservoir lipids and bis- ( 2 -hydroxy ethyl) disulfide . 

In a preferred embodiment, the solution of step 1 
contains a mixture of linker A, membrane spanning 
20 reservoir lipids and bis^-(2-hydroxyethyl) disulfide in a 
ratio of 2:1:3. 

In a preferred embodiment, the spacer molecule is 
mercaptoacetic acid, the disulfide of mercapto acetic 
acid, mercaptopropionic acid or the disulfide of 
25 mercaptopropionic acid, 3 -mercapto- 1, 2 -propanedio or the 
disulfide of 3 -mercapto-1 , 2 -propanediol . 

In a further preferred embodiment the hydrophobic 
region of a proportion of the reservoir lipids have 
covalently attached thereto an ionophore via a 
30 hydrophobic spacer . 

In a preferred embodiment Of the present 
invention, the lipid and ionophore solution contains no 
alkane such as decane, dodecane, tetradecane or 
hexadecane . 

35 in a further preferred embodiment the reservoir 

lipid includes a head group. Preferred head groups are 
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those listed in the first aspect of the present 
invention . 

In a further preferred embodiment of the present 
invention the lipid in step (4, is glycerol monophytanyl 
5 ether. J 

In a preferred embodiment of the present 
invention, the lipid is a mixture of glycerol 
monophytanyl ether and a lipid having a polyethylene 
glycol group of between 600-6000g/mol as a head group. 
10 In a further preferred embodiment, the lipid is a 

mixture of glycerol monophytanyl ether and 1-3% of a 
lipid having a polyethylene glycol head group. it is 
further preferred that the polyethylene glycol has a 
molecular weight in the range of 600-3000g/n>ol . 
13 In a father preferred embodiment, the 

polyethylene glycol containing lipid comprises in the 
same molecule a phytanyl group attached to a succinate 
group at one end and a polyethylene glycol 2000 attached 
to the other end of the succinate. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monophytanyl ether and a lipid 
having a phosphatidyl choline head group. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monophytanyl ether and up to 20% of 
a lipid having a phosphatidyl choline head group. 

in a further preferred embodiment, the lipid is a 
mixture of glycerol monophytanyl ether and up to 20% of 
a lipid having a phosphatidyl choline head group and up 
to 3% of a lipid having as a head group a polyethylene 
glycol of molecular weight between 600-3000g/mol . 

In a further preferred embodiment , the lipid is a 
mixture of glycerol monophytanyl ether and a lipid 
having a head group in which the head group is a 

Gal(betal-3)galNAc(betal-4) [N AcNeu,alpha2-3]gal(betal- 
4)Glc-ceramide carbohydrate head group. 
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In yet a further preferred embodiment a plurality 
of ionophores are f unctionalised with a derivative of a 
low molecular weight analyte whose presence is to be 
detected. 

5 In this arrangement, the addition of an antibody 

or other receptor molecule will modulate the ion 
transport properties of the ionophore. This conductance 
modulation can then be detected using established 
impedance spectroscopy or other methods and could also 

10 be used to directly monitor the presence of antibodies 
or other receptors to the low molecular weight analyte . 
Addition of the test solution to the electrode membrane 
combination containing the ionophore/antibody or 
receptor complex will lead to competitive binding of the 

15 analyte to the antibody or receptor, thereby allowing 
the ionophore to again diffuse freely through the 
membrane. The difference can be determined using 
techniques such as impedance spectroscopy and can be 
used to determine the concentration of the analyte in 

20 the test solution. 

In the alternative arrangement where a synthetic 
or low molecular weight receptor is attached to the 
ionophore, the transport properties of the ionophore 
will be directly modulated on complexation of the 

25 analyte of interest by the synthetic or low molecular 
weight receptor molecule. 

In yet a further preferred embodiment of the 
present invention the ionophore is capable of 
transporting an ion that is produced by the reaction of 

30 an enzyme with its substrate, said enzyme being either 
covalently or non-covalently attached to the membrane 
surface . 

Addition of a solution containing the substrate 
will cause the enzyme to produce ionic species which 
35 will be transported by the ionophore across the 

membrane, thus modulating the conductance properties of 
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the membrane, which will be related to the amount of 
substrate present in solution. 

In a preferred embodiment of the present 
invention, the enzyme is a urease producing ammonium 
5 ions from the substrate urea. 

In the case where the enzyme is covalently 
attached to the membrane, it is preferred that the 
covalent attachment is via a proportion of the lipid 
molecules that are suitably functionalised for covalent 
attachment to proteins or by covalent attachment to the 
head group of the reservoir lipid including a head 
group . 

Although the nature of the carrier solvent does 
not appear critical it is preferred that the carrier 
solvent is a solvent or solvent mixture wherein the 
lipid and ionophore is soluble and which is preferably 
water soluble. Suitable solvents are common water 
miscible solvents such as ethanol, dioxane, methanol or 
mixtures of these solvents. Addition of small amounts 
of non-water insoluble solvents such as dichloromethane 
may also be included in the carrier solvent in order to 
solubilise the lipid and ionophore. 

In any of the preferred embodiments of the third 
aspect of the present invention, the containment vessel 
may be a containment vessel with polar sides. 

It is further preferred that the containment 
vessel is made of material with a hydrophilic surface. 

It is further preferred that the containment 
vessel is made of a material that minimises non-specific 
binding of proteins or has its surface modified in order 
to minimise protein adsorption on addition of the 
analyte sample to be tested. 

In the situation where the reservoir lipid 
contains within the same molecule a an unsymmetrical 
disulfide group, where one of the sulfur atoms has a 
relatively small organic group attached to it, as the 
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attachment region and a single hydrocarbon chain as the 
hydrophobic group, the cross-sectional area of the 
disulfide group is larger than that of the single 
hydrocarbon chain, hence a membrane with close packed 
5 hydrocarbon groups does not form on adsorption of the 

reservoir lipid, thus allowing penetration of ionophores 
into the adsorbed layer. Accordingly in such a 
situation it is not essential to use spacer molecules. 
As described in the third aspect of the present 
10 invention, it is possible to produce membrane layers 
that are impermeable towards ionophores. The present 
inventors have determined means whereby it is possible 
to produce membrane layers by chemisorption of suitable 
linker lipids, including lipid, membrane spanning and 
15 ion channel containing linker molecules, onto an 

electrode surface such that the conformation of the ion 
channel and the lipids is controlled. The present 
inventors have also determined that the presence of the 
membrane spanning linker lipids enhances the stability 
20 of the subsequent lipid bilayer formed, as well as 
controlling the thickness of the subsequent bilayer 
membrane. It is known in the art that the lifetime and 
hence conduction of gramicidin ion channels is 
controlled in part by the thickness of the bilayer 
25 membrane. Thicker bilayer membranes shorten the 

lifetimes of the ion channel, thinner bilayers increase 
channel lifetimes. Hence, it is possible to control the 
lifetime of the ion channel by controlling the thickness 
of the bilayer through the use of membrane spanning 
30 lipids that have different lengths. 

The present inventors have also determined that 
the inclusion of membrane spanning lipid linker lipids 
that contain polar or bulky head groups decreases the 
amount of multilayer structure that is obtained in the 
35 absence of these lipids. 
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Furthermore, the inventors have determined that 
the presence of a molecule having a lipid or hydrophobic 
component in the solvent is beneficial in enabling the 
ion channel to assume the proper conformation on 
adsorption on the electrode surface. Prior art 
membranes including ion channels are typically formed by 
doping the formed membrane with ion channels. it is now 
believed that such a technique results in a number of 
the ion channels being incorporated into the membrane in 
states which are non-conducting, where the channels are 
helical peptides this may be due to unravelling of the 
helix, intermeshing of a number of the ion channels to 
form non-conducting helices, or that the longitudinal 
axis through the helical peptide is substantially 
parallel to the plane of the membrane and is thus unable 
to facilitate the transport of ions across the membrane. 
The present inventors have developed a method of 
attaching such ion channels to an electrode such that a 
higher proportion of the channels exist in a conducting 
20 form. The membrane combination thus formed contains a 
mixture of half-membrane spanning reservoir lipids, 
membrane spanning reservoir lipids and conducting ion 
channel linker compounds formed in a close packed layer 
such that non-linker ion channels do not penetrate into 
the first layer when the second layer is formed on the 
coated electrode . 

In a fourth aspect the present invention consists 
in a method of producing an electrode membrane 
combination, the method comprising the following 
sequential steps :- 

(1) Forming a solution comprising ion channels having 
attached at an end thereof a reservoir region, the 
reservoir region including a hydrophilic group and 
an attachment group; and a reservoir lipid, the 
reservoir lipid comprising a hydrophobic region, a 
hydrophilic region, an attachment region and 
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optionally a head group in a polar carrier 
solvent; 

Contacting the electrode with the solution from 
step (1) , the composition of the electrode and the 
attachment groups and the attachment regions being 
selected such that the attachment groups and the 
attachment regions chemisorb to the electrode; 
After a period of incubation rinsing the coated 
electrode from step (2) to remove unbound 
material; 

Adding to the rinsed electrode from step (3) a 
solution comprising ion channels and a lipid in a 
carrier solvent; and 

Adding to the electrode from step (4) an aqueous 
solution such that a lipid bilayer membrane 
coating the electrode is formed. 

In a preferred embodiment of the present invention 
the ion channels are gramicidin or analogues or 
derivatives thereof. 

In a further preferred embodiment, the gramicidin 
is a functional-ised gramicidin that consists in the same 
structure of a gramicidin backbone, an hydrophilic group 
and a disulfide group as shown in Figure 13 and will be 
referred to hereafter as "linker gramicidin B" . 

In a further preferred embodiment the reservoir 
lipid is reservoir lipid A 

( 2 3- ( 20 ' -Oxo- 19 ' -oxaeicosa- ( Z ) -9 ' -ene ) -7 0-phenyl-2 0,25,2 
8,42,45-pentaoxo-24-aza-19,29,32,35,38,41,46,47,52,55-de 

caoxa-58,59-dithiahexaconta-(Z)-9-ene) or reservoir 

phytanyl lipid (B) or reservoir phytanyl lipid (C) . 

The hydrophobic region of the reservoir lipid may 
be either half or full membrane spanning. 

In a further preferred embodiment the reservoir 
lipid includes a head group. Preferred head groups are 
those listed in the first aspect of the present 
invention . 
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In a further preferred embodiment the reservoir 
lipid has a biotin containing head group. 

in a further preferred embodiment, the reservoir 
lxpxd has a head group used to couple the reservoir 
lxpxd to a protein molecule or other receptor molecule. 

In a further preferred embodiment, the reservoir 
lxpxd used in step 1 has a head group used to minimise 
the non-specific serum interaction on the membrane such 
as a polyethylene glycol or phosphatidyl choline group 

steo w \i UTX T r PrSferred e "*°0-ent, the solution in 
step 1 further includes a lipid. The lipid in the 
solutions in step 1 and step 4 may be the same or 
different. 

in a further preferred embodiment, the lipid used 
xn the polar solvent in the solution of step 1 is any 
natural or synthetic lipid that allows gramicidin to 
assume the correct conformation for deposition onto the 
electrode surface in a conducting state, in the lipid 
solvent mixture used. 

In a further preferred embodiment, the lipid in 
step 1 used in the polar solvent is a glycerol 
monoalkenoate . 

in a further preferred embodiment, the lipid is 
glycerol monooleate. 

in a further preferred embodiment, the polar 
solvent is ethanol, methanol, trif luoroethanol . 

In a further preferred embodiment, the solvent is 
ethanol or methanol. 

■ ten 2 " ^ 9Snerally that the electrode from 

step 2 iS treated with an aqueous solution prior to step 
3. This is preferably done as soon as possible after 
contacting the electrode (step 2) with the solution 
formed in step 1. This , however , ± . M essential . For 
example where the polar solvent in step 1 is methanol 
there xs no need to add an aqueous solution to the 
coated electrode from step 2. 
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The aqueous solution used in this optional step 

, _.p , i arcr e number of solutions such 

and in step 5 may be of a .Large huhujci. 

as 0.1 to 1.0M saline. 

in a further preferred embodiment, the electrode 
5 is treated with a solution prepared in step 1 where the 
polar solvent is methanol, and where the electrode is 
rinsed in step with a suitable solvent such as ethanol 
or methanol . 

in a further preferred embodiment of the present 
10 invention, the solution in step 1 comprises 140mM 

glycerol monooleate, ImM reservoir phytanyl lipid (B), 
and O.OOUmM linker gramicidin B in ethanol or methanol. 

in a further preferred embodiment, the solution in 
step 1 comprises 140mM glycerol monooleate, 1.4mM 
15 reservoir phytanyl lipid (B) , 0.0014mM linker gramicidin 
B, and 0.0014mM membrane spanning linker lipids in 

ethanol or methanol. 

in a further preferred embodiment, the solution in 
step 1 comprises 140mM glycerol monooleate, 14mM 
20 reservoir phytanyl lipid (B) , 0.0014mM linker gramicidin 
B, and O.0l4mM membrane spanning linker lipids in 

ethanol or methanol. 

In a further preferred embodiment, the linker 
gramicidin B concentration is varied from 0.000014mM to 

25 0.014mM. 

in a preferred embodiment the membrane spanning 
phytanyl lipid (B) concentration is varied from 0 . ImM to 
ImM. 

in a preferred embodiment the membrane spanning 
30 linker lipid concentration is varied from O.OOOlmM to 
ImM. 

in a preferred embodiment of the present 
invention, the lipid is a glycerol monoalkenoate where 
the alkenoate group may be an unsaturated hydrocarbon 
chain of between 16-22 carbons in length. 
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Z " 3 £U " her embodiment, the lipid is a 

glycerol monoalkyl ether where the allcyl group is a 

^11^ ° hain ° f betWe9 " e «>»» in l"*th and 

3 nethvt Un " tu «"°» or may be substituted with 

methyl group. » order to lower its phase transition. 

In a preferred embodiment of the present 
invention, the lipid is gl ycero i „,onooleate, glycerol 
~nop.l-ltol.le. mono-11-eioo.enoin, mono-eruciT 

10 .1 3 £ " rther Purred embodiment, the lipid is 

■« glycerol monooleate or mono-U-eicos.noin. 

the lioL a Pre f" red aSPeCt ° £ the Pr9Sent Mention, 
the lrp ld is glycerol monophytanyl ether. 

in a further preferred embodiment of the present 
invention, the lipid consists in a mixture of glyc"" 

ZTrl Zl TY " 3lyCerCl ~«-— «• and a' Hpid 
"here the head group consists in a polyethylene olL, 
group of between 600-6000g/mol . I'""!' 1 *™ glycol 

in a further preferred embodiment, the lipid is , 
mature of glycerol monoalxyl ether or glycerol 
30 mono.lxenoa.e and 1-3, of a li pla whers \l head 

that the e T le " 9 9lyCCl 9r ° UP - " iS £u " h " P-^red 
that the polyethylene glycol has . molecular weight i„ 
the range of 600-3000g/mol. 9 

in a further preferred embodiment, the 
polyethylene glycol containing lipid comprises in the 
..me molecule a ph yt.„yl group .ttached to a succinate 

tTt U he"th° ne 3 ^'^lene **~X "00 attached 

to the other end of the succinate. 

30 mixture"^ T*" Pra£erred Raiment, the lipid is . 
mature of glycerol mono.lxyl ether or glycerol 
monoelKenoate .nd a lipid „ nar e the heal group is a 
phosphatidyl choline he.d group. 

in a further preferred embodiment, the lipid is . 

31 ITT, ° £ 9lyCer01 m0n ° al,tyl ath « - glycerol" 

35 monoalxenoate and up to 20% of a lipid where the head 
group is a phosphatidyl choline he.d group. 
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in a further preferred embodiment, the lipid is a 
mixture of glycerol monoalkyl ether or glycerol 
monoalkenoate and up to 20% of a lipid where the head 
group is a phosphatidyl choline head group and up to 3% 
5 of a lipid where the head group is a polyethylene glycol 
of molecular weight between 600-3000g/mol . 

in a further preferred embodiment, the lipid is a 
mixture of glycerol monoalkyl ether or glycerol 
nvonoalkenoate and a lipid where the head group is a 
g al(betal-3)galNAc(betal-4)tNAcNeu(alpha2-3]gal(betal- 

4)Glc-ceraraide carbohydrate head group. 

Although the nature of the carrier solvent does 
not appear critical, it is preferred that the carrier 
solvent is a solvent or solvent mixture wherein the 
lipid and ionophore is soluble and which is preferably 
water soluble. Suitable solvents are common water 
miscible solvents such as ethanol, dioxane, methanol or 
mixtures of these solvents. Addition of small amounts 
of non-water insoluble solvents such as dichloromethane 
may also be included in the carrier solvent in order to 
solubilise the lipid and ionophore. 

in any of the preferred embodiments of the fourth 
aspect of the present invention, the containment vessel 
may be a containment vessel with polar sides. 

It is further preferred that the containment 
vessel is made of a material with a hydrophilic surface. 

It is further preferred that the containment 
vessel is made of a material that minimises non-specific 
binding of proteins or has its surface modified in order 
to minimise protein adsorption on addition of the 
analyte sample to be tested. 

in yet a further preferred embodiment of this 
aspect of the present invention the solutions in steps 
(1) and (4) contain less than 2%, and preferably 0% of 
an alkane such as decane, dodecane, tertradecane or 
hexadecane . 



20 



25 



PCT/AU93/00509 



Without wishing to be bound by scientific theory 
it x. believed that the method of the present invention 
prov.de a greater proportion of conducting ion channels 
due to the fact that the ion channels in step 1 are able 
to assume their native configuration in the lipid 
component of the reservoir lipid. These ion channels 
are then laid down and attached to the electrode via the 
attached reservoir regions in this conformation. The 
rinsing of the membrane to remove the unbound reservoir 
lipid then removes all unbound ion channels. This 
should result in the majority of the bound ion channels 
being m a conductive configuration. The subsequent 
addition of a lipid results in the formation of a lipid 

lllir ™ th . the b ° Und ChannSlS Pr6Sent in the 1-r 

layer. The ion channels added in step 4 will then 

partition primarily in the upper layer. 

Another advantage provided by the method of this 
aspect of the present invention is that it enables 
accurate adjustment of the proportion of ion channels in 
the upper layer of the membrane bilayer. 

The present inventors have determined a method of 
applyxng a hydrogel protective layer onto a membrane 
biosensor in order to increase the stability of the 
membrane and in order to protect the membrane biosensor 
from mterferents such as those present in blood 

eith R " ferring t0 thS ^-osels, suitable polymers may 
either be regular homopolymers containing substantially 
no other material- in their matrices, slightly 
crosslinked homopolymers, or they may be copolymers 
prepared from two or more monomers . 

Accordingly, in a fifth aspect the present 
invention consists in a biosensor for use in detecting 
the presence or absence of an analyte in a sample, the 
biosensor comprising an electrode and a bilayer membrane 
comprising a top layer and a bottom layer, the bottom 
layer be.ng proximal to and connected to the electrode 
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such that a space exists between the membrane and the 
electrode, the conductance of the membrane being 
dependent on the presence or absence of the analyte, the 
membrane comprising a closely packed array of 
5 amphiphilic molecules and a plurality of ionophores 

dispersed therein, and a layer of a hydrogel formed on 
top of the lipid bilayer membrane, the hydrogel allowing 
the passage of the analyte molecule to be detected. 

In a preferred form of the present invention, the 
10 hydrogel consists in a thermosetting gel that is 

deposited onto the preformed lipid bilayer membrane at a 
temperature where the thermosetting gel is in the fluid 
phase and subsequently gels as the temperature is 
lowered below the gels setting temperature, thus forming 
15 the protective gel membrane above the lipid bilayer 
membrane . 

In a further preferred embodiment of the present 
invention, the thermosetting gel is an agar gel. 

In a further preferred embodiment, the gel 
20 contains between 0.3-5% agar. 

In a further preferred embodiment, the 
thermosetting gel is a gelatine gel. 

In a further preferred embodiment of the present 
invention, the hydrogel consists in an in situ 
25 polymerised hydrogel, where a solution of gel forming 
monomer is added to a preformed lipid bilayer membrane 
and is subsequently polymerised such that an hydrogel is 
formed as the protective gel membrane above the lipid 
bilayer membrane. 
30 m a further preferred embodiment, the gel forming 

monomer is an acrylic acid or an acrylic acid derivative 
that is polymerised by free radial polymerisation. 

In a further preferred embodiment, the hydrogel 
may be formed from hydroxyalkyl acrylates and 
35 hydroxyalkyl methacrylates , for example, hydroxyethyl 
acrylate, hydroxypropyl acrylate and 
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hydroxybutylmethacrylate; epoxy acrylates and epoxy 
methacrylates , such as, for example, glycidyl 
methacrylate; amino alkyl acrylates and amino alkyl 
methacrylates; N-vinyl compounds, such as, for example, 
N-vxnyl pyrrolidone; amino styrenes; polyvinyl 
alcohols and polyvinyl amines. 

In a further preferred embodiment, the gel forming 
monomers consist of acrylamide and a bisacrylamide 
cross-linker. 

in a further preferred embodiment, the hydrogel is 
formed from cross-linked hydroxyethyl acrylate or 
hydroxyethyl methacrylate or other biocompatible gel 

in a further preferred embodiment of the present 
invention, the hydrogel incorporates a number of groups 
that alter the partition of interferents and/or analyte 
molecules into the gel layer by means of altering the 
net charge of the hydrogel. 

in a further preferred embodiment, the hydrogels 
contain enzymes such as urease that convert a substrate 
xnto an ionic species that is able to be detected by the 
lipid bxlayer membrane sensor. in the case of the 
enzyme urease, urea would be converted to ammonium ions 
whxch could be detected by a lipid bilayer sensing 
membrane incorporating an ammonium selective ionophore 

in an sixth aspect, the present invention consists 
xn an electrode membrane combination comprising an 
electrode and an ionically insulating monolayer 
membrane, the membrane comprising a closely packed array 
of amphophilic molecules and a plurality of ionophores 

withir^ th6rein ' Sald aWPhiphiliC -lecules comprising 
wxthxn the same molecule a hydrophobic region, an 
attachment region attached to the electrode a 
hydrophilic region intermediate said hydrophobic and 
attachment regions, the space formed by said hydrophilic 
regxon between the electrode and the membrane being 
sufficient to allow the flux of ions through the 
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ionophores, and a head group attached to the hydrophobic 
portion of the molecule at a site remote from the 

hydrophilic region. 

in a preferred embodiment of this aspect of the 
5 present invention, the monolayer membrane molecule has a 
hydrophobic region that consists of oligomers of long 
chain amino acids, where the amino acids are linked vxa 
amide linkages, that are substituted at the nitrogen 
with hydrocarbon alkane groups. It is preferred that 
10 Ihe structure of the amino acids is such that 

group is typically separated from the acid group by an 
alkane chain of between 6-20 carbons long, and that the 
alkane chains attached to the nitrogen are typically 
between 10-20 carbon atoms leng and may be either 
15 saturated or contain unsaturated groups. Additionally, 
the alkane groups may consist of phytanyl or similar 
substituted alkane groups. 

in a further preferred embodiment, the membrane 
consists in a monolayer membrane molecule where the 
20 hydrophobic region consists in a tertiary, "xalkyl 

amine that is f unctionalised at two of the alkyl chains 
such that the tertiary amine is attached to a 
monoalkylsubstituted glycerol, monoalkyl substituted 
glutamic acid or other commonly used groups normally 
25 used in lipid synthesis in order to form dialkyl lipids. 
The unf unctionalised alkyl group attached to the amino 
group may consists of an hydrocarbon chain, typically of 
carbon chain length 1 to 20 carbons long and may be 
unsaturated or additional alkyl substituted. The two 
30 functionalised alkyl chains attached to the ammo group 
are typically 10 to 20 carbon atoms long. The monoalkyl 
substituents of the monoalkyl substituted glycerol, 
glutamic acid or other commonly used group would 
typically be a hydrocarbon chain that is the same length 
35 af the functionalised alkyl chain attached to the amine 
group . 
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In a further preferred embodiment, the membrane 
consists in a monolayer membrane where the hydrophobic 
region consists in a tetra alkylated pentaerythritol 
derivative where two of the alkyl chains are 
functionalised so as to allow attachment to monoalkyl 
substituted glycerol, glutamic acid or other commonly 
used groups normally used in lipid synthesis. The 
unfunctionalised and functionalised alkyl groups may be 
the same as described above. 

The head groups attached to the hydrophobic region 
of the membrane may comprise of any of the hydrophilic 
head groups as described in the first aspect of the 
present invention. Similarly, the attachment region and 
hydrophilic ionic reservoir region are any of the groups 
15 described in PCT/AU92/00132 . 

In yet a further preferred embodiment of the 
present invention the ionophore is capable of 
transporting an ion that is produced by the reaction of 
an enzyme with its substrate, said enzyme being either 
covalently or non-covalently attached to the membrane 
surface . 

Addition of a solution containing the substrate 
will cause the enzyme to produce ionic species which 
will be transported by the ionophore across the 
membrane, thus modulating the conductance properties of 
the membrane, which will be related to the amount of 
substrate present in solution. 

In a preferred embodiment of the present 
invention, the enzyme is a urease producing ammonium 
ions from the substrate urea. 

In the case where the enzyme is covalently 
attached to the membrane, it is preferred that the 
covalent attachment is via a proportion of the lipid 
molecules that are suitably functionalised for covalent 
35 attachment to proteins. 
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Bgj^alled Bsa cx iBfciSa " f t^S Invention . 

in order that the nature of the present invention 
may be more clearly understood preferred forms thereof 
will now be described with reference to the following 
5 examples . 

Example 1 

Synthesis of membrane spanning lipids 

1,3-Benzylidine glycerol was prepared according to 
the method of H.S. Hill et al in Carbohydrates and 
Polysaccharides, 50, (1928), 2242-2244. The 1,3- 
benzylidine glycerol was then treated with sodium 
hydride in tetrahydrofuran and phytanyl bromide under 
reflux for 24 hours to give the glycerol 2-phytanylether 
1 3-benzylidine. This ether was then tfreated with a 
mixture of potassium borohydride and boron trifluonde 
etherate in refluxing tetrahydrofuran for 24 hours to 
give the glycerol 1-benzylether 2-phytanylether. The 
product was then treated with sodium hydride and 1,16- 
dibromohexadecane in refluxing tetrahydrofuran for 24 
hours to yield the glycerol 1-benzylether 2- 
phytanylether 3-( 16-bromohexadecyl) ether. The 
homologous compounds using 1, 12-dibromododecane, or 
1,14-dibromotetradecane were produced in similar 
fashion. Treatment of the product with biphenol and 
sodium hydride in refluxing tetrahydrofuran gave the 
bis-benzyl protected membrane spanning lipid which, 
after isolation, was debenzylation using palladium on 
charcoal to give the diol shown in Figure 2 . Addition 
of a reservoir component as described in PCT/AU92/00132 
in the presence of dicyclohexylcarbodiimide and 
dimethylamino pyridine gave the membrane spanning lipid 
shown in Figure 3 which contains an alcohol head group 
(MSL-OH) . Treatment of this membrane spanning lipid 
with the diacidchloride of an acid functionalised 
polyethylene glycol 400 (average molecular weight 
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400g/mol) followed by an aqueous workup gave the 
membrane spanning lipid shown in Figure 4 
( MS LPEG4 0 0COOH ) which contains a dicarboxy polyethylene 
glycol 00 head group. Treatment of the diol shoj in 
Fxgure 2 with firstly, one equivalent of BOC- 
glycine/dicyclohexylcarbodiixnide and dixne thy 1 amino 
pyridine and isolation of the monosubstituted compound, 
secondly with trif luoroacetic acid to remove the BOC 
group, thirdly treatment with a biotin-xx-N- 
10 hydroxysuccinimide (where the x group is an 

6-aminocaproic acid group) , and fourthly, treatment of 
the product with the reservoir component as above in the 
presence of dicyclohexylcarbodiimide and dimethylamino 
pyridine gave the membrane spanning lipid as shown in 
15 Figure 5 (MSLXXB) . 
Example 2 

Effect of small Spacer Compound on Conduction through 
the First Layer 

'0 electrodf eShlY PrepMd eva P°"ted 2mm2 go l d on glass 

bisH t lmnerSed in 9 SOlUti ° n ° f linker O -d 

bis (2-hydroxyethyl) disulfide (HEDS) at various ratios 

(final concentration was 0.2*11 in ethanol), within five 

minutes of preparation. After allowing the disulfide 

3 days the electrodes were rinsed with ethanol, dried 

T IT in 3 C ° ntainment —el. two microlitres of 
an ethanol solution of glycerol monooleate (GM 0) (140mM) 
and val^nomycin (GMO/valinomycin ratio 3000:1) with 8% 
tetradecane (v/v) was added to the electrode. The 
electrode was then rinsed twice with 0.5ml of o.l M 
saline solution. After the impedance spectrum was 
obtained, the sodium chloride solution was exchanged 
with 0.1M potassium chloride solution. The absolute 
impedance values at 1Hz are shown in Table 1 below 
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TABLE 1 



10 



Ratio Linker 
(A) :HEDS 

1:0 

20:1 

5:1 

1:1 

1:2 

1:20 



NaCl(O.lM) 



KCl(O.lM) 



15 



7 .62 
7 .50 
7 .85 
7 .62 
7.81 
7 .54 



log/z/ at 1Hz 
7.40 
7.25 
6 .81 
6.61 
6.35 
6 .38 



As can be clearly seen, the conduce .of the 
potassium via the valinomycin increases a 'J^'*** 
(A) molecule is spaced further apart by the HEDS 

m0leC ^e n the above experiment is .^eated^sinc the 
membrane spanning lipid shown in Figure 3 (MSL-OH, with 
various HEDS ratios similar results were 
^hown in Table 2. At high HSL-OH ratio. tj« liprd 
membrane systems appear to contain multilamellar 
structures, hence the overall high impedance 



TABLE 2 



Ratio MSL— OH : HEDS NaCl(O.lM) 



1:0 
1: 10 
1:100 
0:1 



7.8 
7.5 
7.0 
6.9 



KCl(O.lM) 
log/ 2/ at 1Hz 
7.3 
6.4 
6.1 
6.1 



Adsorpotion of a monolayer of MSLPEG400COOH onto a 
o 2 „nld electrode with no HEDS, followed by the 
Tditlon o £ ^/tetradecane as described above, resulted 
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in a bilayer membrane with an impedance of 200 kohms at 
100H2. Conversely, an electrode with a MSLOH first 
layer followed by the addition of GMO/tetradecane as 
described above resulted in a membrane containing 
5 thicker or multilamellar structures as seen by the high 
impedance of 650 kohms at 100Hz. 
Example 3 

Formation of a lipid bilayer membrane without a sealing 
alkane * 

A freshly prepared evaporated 2mm2 gold on glass 
electrode was immersed in a solution of linker (A) and 
bxs(2-hydroxyethyl)disulfide (BEDS) at a ratio of 8-2 
(final concentration was 0.2mM in ethanol), within five 
mxnutes of preparation. After allowing the disulfide 
species to adsorb for a period of between 30 minutes to 
3 days the electrodes were rinsed with ethanol, dried 
and clamped in a containment vessel. Two microlitres of 
an ethanol solution of glycerol monooleate (GMO) (l 4 0mM) 
or mono-ll-eicosenoin <140mM) or glycerol 1-phytanyl 
ether (140mM) was added to the electrode. These 
solutions contained no alkane co-solvent. The electrode 
was then rinsed twice with 0.5ml of 0.1M saline solution 
and impedance spectra were obtained and are shown in 
Figure 6. it was found that the glycerol 1-phytanyl 
ether formed useable sealed bilayer membranes whereas 
both the GMO and the mono-ll-ecosenoin did not form 
sealed membranes . 
Example 4 

Synthesis and Formation of Bilayer Membranes using a 
Reservoir Phytanyl Lipid 

Reservoir phytanyl lipid (B) is shown in Figure 7 
This compound was synthesised from 4 , 18 , 2 l-trioxo-36- 
phenyl-34,35-dithio-5,8,ll,14,17,22,25,28,3l- 
nonaoxohexatricontanoic acid and phytanol in the 
presence of dicyclohexylcarbodiinUde and dimethylamino 
pyridine. The homologous reservoir phytanyl lipid (C) 
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shown in Pigure 8 was synthesised in 

from the suitable hydrophilic precursor and phyt.no! . 

A bilayer membrane was formed onto a freshly 
evaporated gold electrode using the protocol described 
5 in Example 2 but in the absence of any small spacer 

molecule. Thus a solution of reservoir phytanyl lipid 
(B) or (C) in ethanol was contacted with the gold 
electrode surface, followed by rinsing of the electrode. 
A bilayer membrane was then formed by addition of 5 
,o microlitres of an ethanol solution containing glycerol 
1-phytanyl ether (140-M) and valinomycin i* 1 **™ 11 ' 
phytanyl ether /valinomycin 1500,1) followed by 0 . IK 
solium chloride solution. Impedance spectra were taken 
before and after addition of potassium chloride solution 
15 and values at 10Hz are shown in Table 3. 

TABLE 3 

NaCl(O.lM) KCl(O.lM) 



Reservoir 
Phytanyl Lipid 



1:0 7,8 

Is 10 7,5 

1:100 7,0 
0:1 



6.9 



log/Z/ at 10Hz 
7.3 
6.4 
6.1 
6.1 
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Example 5 

Reduced effect of serum on lipid bilayers by 
incorporation of lipids containing PEG 2000 head groups 

A freshly prepared evaporated 2mm2 go i d on glass 
electrode was immersed in a solution of linker (A) and 
bis (2-hydroxyethyl) disulfide (HEDS ) at an 8:2 ratio 
(final concentration was 0 . 2mM in ethanol), within five 
linutes of preparation. After allowing the Sulfide 
species to adsorb for a period of between 30 minutes to 
3 days the electrodes were rinsed with ethanol, dried 
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Telt^T ln 3 C ° ntainment • Two microlitres of 

an ethanol solution of glycerol monooleate (GHD) 
(140ml,), succinic acid phytanol half-ester PEG2000 half- 
ester (PSP-2000, (1-4 mol% relative to GMO) and 
gramicidin < GMO/gramicidin ratio 1000:1) with 8% 
tetradecane (v/v relative to ethanol) was added to the 
electrode The electrode was then rinsed twice with 

Li' ° f °- 1M Sal±ne SOlUti0n ' the impedance 

spectrum was obtained, 2 microlitres of whole plasma was 

lot r. the ±mPedanCe SPS — — ™d. :i 
absolute impedance values of iHz are shown in Table 4 
for various GMO/PSP-2000 lipid ratios. 



TABLE 4 



15 



20 



25 



Ratio GMO/PSP- NaCl/0 1M\ 

2000 ■■Cl(O.lM) KC1(0.1 M ) 



100:0 73 
99:1 
98.2 



7.1 
7.1 

97s3 6.9 
96:4 

95:5 



6.9 
7.0 



log/ 2/ at 1Hz 
6.5 
6.7 
7.0 
6.8 
6.4 
6.4 



As can be seen the effect of plasma on the 
membranes is most effectively reduced at ratios of 1- 
3 mol% of the PSP-2000 lipid. 
Example 6 

Formation of a protective hydrogel onto a li pid membrane 

A li Pld membrane was produced onto a gold 
electrode using the protocol described in Example 2 
Excess saline was removed from the containment vessel 
and ten microlitres of a solution of agar (0 5-5% 
in 0.1M sodium chloride was added to the lloid Z * 
assembly at 40O C The m «n,K ? membrane 

y at c. The membrane assembly was allowed to 
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cool to roc, temperature whereupon the 
forming a protective ^-e over - 
membrane. In the case where the lip 

contained valinomycin as the -nopho- & ag 

potassium solution caused a decrease in the xmp 
expected, although the response ^J^.^ 
approximately 15 seconds compared to le s^th ^ 
without the gel membrane. It was ai 

,, u . on of who ie plasma or serum did not have any 
addition of wnoie P minutes 
effect on the lipid membrane for at lea ^ 
when a 0.3% w/v agar gel was used or 1.5 ho 
w/v agar gel was usecL & 

A hydrogel could be also » solution of 

* . . .« ni^ followed by addition of two mice 
diamine (0.01%), rouow J Q 1M so dium 

„f a 10% solution of ammonium persulfate in 0 1* 

plasma for up to one hour. 

" S c £ an ens^e/lon selective electa 

combination electrode 

A lipid membrane was formed according to the 

pro tocol as described in Example 2 30Mll . 
nBnohoES i S nonactin at a GMO/nonactin ratio of 
M ^electrode „e*brane cognation was added two 
' , ltras 0 £ a 0.5mg/ml solution of urease in 0.1K 

:rrj: :riori d e .u«. s «- -~ « ~ 

pecifically bind to the lipid — - ^ S 
M monitored by Impedance ape=rroscop y; a 

identical electrodes were formed but witn 
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addition. After 10 minutes 10 microlitres of a solution 
of urea (0.1K In 0.1M sodium chloride solution) was 
added to the urease/ion selective electrode combination 
and to the control. it was found that on addition of 
5 the urea the impedance of the urease/ion selective 

electrode dropped substantially more (impedance at 1Hz 
. dropped from log 7 . 3 ohms to log 7 . 1 ohms) than that of 
the control (impedance at 1Hz dropped from log 7.3 ohms 
to log 7.25 ohms). it is expected that the urease 
10 converts the urea to ammonium which is transported by 
the nonactin across the lipid membrane. A major 
advantage of this enzyme/ion selective electrode over 
conventional enzyme/ion selective electrodes is that it 
xs possible to produce inexpensive, single use sensors 
is with fast response times. 
Example 8 

Method of adsorbing Gramicidin B 

1st: Inyor- 

Onto freshly prepared 2mm2 gold electrodes was 
20 deposited 2m of a ethanolic solution containing 140m* 
glycerol monoleate, 140J1M reservoir lipid A/ l 4uM 
MSLXXB, 1.4mm Gramicidin B. 100*11 0 . 1M NaCl was 
immediately added and the assembly allowed to stand 
overnight. The saline solution was then removed, the 
2> assembly rinsed with ethanol (5 x 100m) and drained. 
2nd layor 

To the above prepared electrode was added 5^1 of a 
ethanolic solution of l40mM glycerol monooleate and 1.4u 
M bxotin-gramicidin conjugate, 2%(v/v) tetradecane. The 
30 assembly was immediately treated with 100m 0 . 1M NaCl 
The saline solution is removed and replaced with fresh 
saline (lOOul) five times. 

Figure 9 shows the impedance of the electrodes 
before (a), and after (b, challenge with 1,10.05^1 
streptavidin solution (0.1M NaCl). The impedance trace 
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obtained for the sealed membrane, i.e. without 
gramicidin derivative in the 2nd layer, is shown in (c) . 

Conducting membranes that respond to the add-on 
of streptavidin can also be obtained by varying the 
5 method described above with the following: 

1) type of membrane spanning lipid added 

2) replacing glycerol monooleate with other different 
chain length derivatives or glycerol monooleate 
ether derivatives 

10 3) the concentration of MSLXXB from luM to 140mM 
" 4) the concentration of Gramicidin B from luM to 14uM 
5) replacing reservoir phytanyl lipid B with 

reservoir lipid A or reservoir phytanyl lipid C in 
the concentration range lOuM to ImM.' 
13 6) saline can be omitted from the first layer, and 
glycerol monooleate can also be omitted from the 
first layer 

7) ethanol can be replaced with other polar solvents 
such as methanol or dioxane 
20 8) the 2nd layer can be made up with or without 
addition of alkanes such as tetradecane. 

Example 9 

Ejjafc T.aver 

Onto a freshly prepared (by evaporation or 
25 sputtering) 2mm2 go i d electrode is placed 2ml of a 
solution comprising glycerolmonooleate (0.14M), 
reservoir lipid A (1.4mM) and linker gramicidin B 
(0.014mM) in a 98:1 (v/v) mixture of ethanol and 
tetradecane. The electrode /well assembly is then 
30 immediately treated with 100ml of 0.1M NaCl and the 
assembly is allowed to stand overnight, the saline 
solution is then removed and the assembly is washed (5 
100ml ethanol) and drained. 
cfo^o^H Laver 

35 to the above prepared electrode is added a 

solution of gramicidin-biotin conjugate( 0 . 14mM) and 
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glyceryl monooleate ( 0 . 14M) in ethanol ( 5ml , . The assembly 

slliTsTT ately treatSd With valine dOOml). The 

HI 3 ren, ° Ved and "P laced wi th fresh 

saline (lOOinl) five times. . 

Membranes were formed as described in the above 

thHw! 1^ C ° nCent "^-s of gramicidin in 

the two layers. The impedance of the membranes was 
measured and the membranes challenged with 1ml 0 . 5 
mg/ml streptavidin. The impedance traces obtained are 
shown in Figs. 10-12, 

bo ^, *? 6aCh ° f thS traCSS Shown in F ig- 10 (a-d) the 
bottom layer consisted of 0.14 mM double length 
reservoir gramicidin, 1.4 mM GUDRUN, 140 mM glyceryl 
monooleate (GMO), 10% tetradecane. The top layers^ach 
consisted of GMO, tetradecane (10%) and varying 
concentrations of gramicidin-biotin conjugate: Fig. 
10a-0; Fig 10b-0 . 0014mM; Fig. 10c-0.0l4mM; Fig. 
10d-0.14mM. y 

in Fig loe only 0.14mM gramicidin-biotin cojuaate 
140mM OMO, tetradecane 10% solution was applied toT 
fresh gold electrode. 

Fig. 11 is the same as Fig.io except that the 
concentration of double length reservoir gramicidin in 
the bottom layer for traces a-d was o.oita.. tn Fig. u e 
only o.014m« gramicidin-biotin cojugate, 140mM Co! 

a" ::::::" 8 SOlUti ° n ~ aPPli6d t0 ' <™» *»" 

In Fig. 12 the concentration gramicidin-biotin 

0°i4r te /" t<>P layeX " aS constant at 

0 14mM and the concentration of double length reservoir 
gram.c.dxn in the bottom layer varied. Fig. l 2 a-l,4n*. 

"e 9 '!^" 1 ^' Fl9 - 12 =- 140M -- »*-! «-., Fig ' 

2 Tf 0 ' 10. is repeated as Fig. 

12g for comparison. y 

art that W±11 ^ aPPreC±ated *y P e «ons skilled in the 
art that numerous variations and/or modifications may be 
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made to the invention as shown in the specific 
^Lilents without departin, from the spirit or scope 
of the invention as broadly described. The present 
embodiments are, therefore, to be considered in all 
respects as illustrative and not restrictive. 
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CLAIMS : - 

I- A linker lipid for use in attaching a membrane 
deluding a plurality of ionophores to an electrode and 
providing a space between the membrane and the electrode 

uo TT, ^ membrane ±S Sither ±n Part ° r *°^y -de 
up of the l.nker lipid , the linker lipid comprising 

within the same molecule a hydrophobic region capable of 
spanning the membrane, an attachment group used to 
attach the molecule to an electrode surface, an 
10 ^-philic region intermediate said hydrophobic region 
and the attachment group, and a polar head group region 
attached to the hydrophobic region at a site' relote frl 
the hydrophilic region. 

15 Ld A 1±nker 1±Pid " Claimed in Claim 1 in the 
head group region is a polyethylene glycol ranging in 

molecular weight of between 600-6000 g/mol 

head A 1±nker liP±d 38 Claimed ±n Cla±ra 1 in ^ich the 
head group iS a phosphatidyl choline group. 

20 the k V ±nker liE>id 33 Claimed in claim 1 in which 
20 the head group is a glycerol head group. 

head A link6r liPi<d 38 Claimed ±n Claim 1 in the 
head group iS a biotin or a biotinylated 6-aminocaproic 
acxd group or an N-biotinylated oligomer, of 6- 
aminocaproic acid. 

" head Alinkerlip±d as c ^d in claim 1 in which the 
head group iS a Gal (betal-3 ) galNAc (betal- 

4)[NAcNeu ( alpha2-3]gal(betal-4-Glc-ceramide head group 

head A linkSr liPid 33 Claijned ±n Claim 1 in ^ich the 
30 k r° UP " tSrininated in * carboxylic acid group 

30 capable of being used to conjugate the linker lipid 
with a protein molecule via the amine groups on the 
protein. ^ 

head A 1±nker 1±Pid 33 Claimed ±n Cla±m 1 in wh -h the 
head group is a polyethylene glycol in the molecular 

wexght range 400-1000g/ m ol terminated in a carboxylic 
acid group. x 
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9 A linker lipid as claimed in claim 1 in which 

the head group is a group capable of being covalently 
linked with a protein molecule via aldehyde groups 
generated from the oxidation of carbohydrate groups on 
5 the protein molecule- 

10. A linker lipid as clawed in claim 1 in which the 
head group includes a hydrazide derivative. 

11. A linker lipid as claimed in claim 1 in which the 
head group is a polyethylene glycol terminated in a 

10 carboxy hydrazide derivative. 

12. blinker lipid as claimed in claim 1 in which the 
head group is a group capable of being covalently linked 
to a protein molecule via free thiol groups on the- 

protein molecule. , 
15 13. A linker lipid as claimed in claim 1 in which the 
head group includes a maleimide derivative. 
14. A linker lipid as claimed in any one of claims 1 
to 13 in which the hydrophobic group has the general 
structure as shown in Figure 1 where the group (X) is a 
20 hydrocarbon chain that is approximately half the length 
of the group (Y) . 

15. A linker lipid as claimed in claim 14 in which 
the group (X) is between 10-22 carbons in length and may 
be a saturated, unsaturated or polyunsaturated 
25 hydrocarbon, or may be an alkyl substituted hydrocarbon 

such as the phytanyl group or other mono- or 

permethylated hydrocarbon chain. 

16 . A linker lipid as claimed in claim 14 or 15 in 
which the group (X) is a phytanyl group. 

30 17. A linker lipid as claimed in any one of claims 
to 16 in which the group (T) in Figure 1 is a single 
chain hydrocarbon group of length between 20-60 A long. 
18. A linker lipid as claimed in any one of claims 1 
to 17 in which the group (Y) consists in a single chain 

35 group that is between 20-60 A long and contains within 
the chain a rigid spacer group. 
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W. A linker lipid as claime(J in ^ ^ ^ 

tlLlT ^T 1 " * biPh8nyl Sther ° r ^Pl»"yla».ine or 
other biphenyl compound. 

that is between 30-50 A long end contains „ ith J ^ 
ch£ a substituted 4 , 4 .. blpnenyl ^ 

.0 to'l, * liPid " Claimed in an * ° M <* .W 1 

cntin 1 ! ^ !" h 3 °" 5 ° A l0 " 9 and COntai " 3 *"! 
ch ai n a 4,4 '-biphenyl ether group. 

to' 19 * XiPid SS Claimed " anir ° ne ° £ 1 

to 19 xn whxoh the group (Y) is . bis-hexedecyl 4 4-- 
15 biphenyl ether. y 4,4 - 

to 19 in which the group (Y) is . bis _ tetrad 
biphenyl ether. y 

2 0 to'' 19 ^ " Claimed ±n ^ ° nS ° f 1 

to 19 i„ whlch the group (y) . s a b . s _ d 

biphenyl ether. ' 

w VtTl lt pLd as olairoed in any ° ne ° £ 1 

13 in which the group iti u a , )n ., a u . 

that is between 2 0 60 i , V 9 ^ gr ° Up 

oetween 2 0-60 A long and contains within the 

25 chain an alkyl substituted amine 

26 A linker lipid as claimed in any ^ 

to 16 m which the group (T ) consist in a single chain 
group that is between 20 fin £ i single chain 

the ehai /^tween 20-60 A long and contains within 

30 27 1 H a ir blS " al ^ lated Pentaerythritol group. 

to 13 or 17 to 26 in which the membrane spanning li pid 

a single chain lipid in which P 
Pim]rB , . P in which the group (X) in 

rigure 1 is absanf 
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Figure 1 is absent 
28 A li^er lipid as clail „ ea in q£ ^ 

to 27 m which the group (Y) co „ tai „ e 

alter th ai . * ( } COntains groups that can 

alter their conformation in response to an external 
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15 



20 



n«ht p h, redox chemistry or electric 
stimulus such as light, p», 

fleld ' a inker lipid as claimed in any one of claims 1 

- — rr IZ^ZZZZ^ or other 
aminoundecanoic acid, 16 am between 6-20 

groups, wnei - 1kv i aroups between 1-18 

saturated or unsaturated alkyl gro P 

th . syndetic lipid having a that is 

Flg »re 1 in which Y is a space r 
between 20 and 60A long and ^""V^J, hal£ 
gro »p and X are hydrocarbon charns appro*» 

the length o£ Y or are »>■•»*• 33 in uhi!:h 

the gro p v j satu rated, unsaturated or 

length and may be a saturai: 

i naatu rated hydrocarbon, or may be an alley 
0 polyunsaturated nyu phytanyl group or 

3u bstitnted hydrocarbon seoh ^ 

rr rzzzxz » - — 33 ~ 34 in 

llch the gronp (X, is a phytanyl group. 
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36 A synthetic lipid as claimed in any one of claims 
33 to 35 xn which the rigid spacer group is a biphenyl 
ether or biphenylamlne or other biphenyl compound. 

5 33 to t fi SynthetlC liP±d 38 Claiflled in ~ ot claims 

that V" ^ r° UP (Y) " 3 S± ^ le Cha - 9rou P 

that is between 30-50 A long and contains within the 

chain a N,N'-alkyl substituted 4 , 4 ' -biphenyl amine 
group . 

33 'to « Synth " iC lipid " any one o£ ciai*s 

teat J V! -h.ch .th. group „, is . single chain 
that „ between 30-50 A long and contains within the 
cham a 4 , 4 • -biphenyl ether group. 

II' to a/iTT^ ^ Pid " Clai " ed in a " y °" e ° £ 

bieh f k 9I °" P <*> " S "-"-"d-eyl 4,4-- 

biphenyl ether. 1 ' 

f. VV 9r ° UP (Y) 13 3 °is-tetradeoyl 

4,4 '-biphenyl ether. 

W\o 3 6 ™ tiC llpid aS in any one of claims 

33 to 36 xn which the group ( Y) is a bis-dodecyl 4,4'- 
biphenyl ether. ' 

3 4 3 2 'to A 3S Synth Tl liPld 33 ^ ^ ° nS ° f 

that i \ r° UP (Y) iS a sin 5le chain group 

that is between 20-60 A long and contains within the 
chaxn an alkyl substituted amine. 

43 A synthetic lipid as claimed in any one of claims 
33 to 35 » which the group (Y ) consist in a single 

^thin g th UP H hat 13 bStWeen 20 - 6 ° A l0ng and 
-thin the chain a bis-al3cylated pentaerythritol group. 

3 to «T I I liP±d " ^ ^ ° nS ° f Clai - 

33 to 43 in which X in Figure 1 is absent. 

45 a method of producing an electrode membrane 
combination comprising the steps of:- 
(1) Forming a solution containing reservoir lipids 

comprising within the same molecule an attachment 
region, a hydrophilic region, a hydrophobic 
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regions, and optionally a head group; and .pacer 
expounds comprising within the same molecule 
hyd rophilic group and an attachment group; 
(2) contacting the .-"od^ith -the 

step « 1, , the ^ed S uch that the 

attachment regions being sexec 
attachment regions chemisorb to the electrode, 
I2\ rinsing the electrode; 

contacting the- coated electrode from •*^«^~« h 
„ e solution of lipid and ionophore in a carrier 

aol vent containing less than 24 of an al*an. . such 
as decane, dodecane, tetradecane or hexadecane, 

(5) adding an agueous solution to the electrode from 

15 „. Hetild as claimed in claim 4. in ~ 
reservoir lipid is 23-<20-oxo-19-oxa.ico.a-<8) 9 
ene ) -70-phenyl-20 , 25 , 28 , 42 , 45-pentao*o-24aza- 
1« 29 32 3S,38,41,46,47,52,55-decaOxa-58,59- 
20 ditnioahexaconta-.S^-ene or reservoir phytanyl lipid 

(B) or reservoir phytanyl "P^>; Mhich ^ 

46. A method as claimed in claim 
spacer molecule is a low molecular weight 
containing within the same structure a thro or 
25 group and one or more hydroxyl or carboxylic acid 

r UP ' A method as claimed in any one of claim. 44 to 46 
in' which the spacer molecule is bis ,2-hydroxyethyl , 

30 ^Tme^rr^Tany one of claims 44 to 4, 
W "'which the solution of step 1 contains a mixture o 
reservoir lipid A, membrane spanning linker lipid 
bis-(2-hydroxyethyl)disulfide. _ 
49 A method as claimed in any one of claims 44 to 48 
35 "'which the solution of step 1 contains a mixture of 
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reservoir lipid A, membrane spanning linker lipid s and 
bis-(2-hydroxyethyl) disulfide in a ratio of 2:1:3. 

50. A method as claimed in any one of claims 44 to 49 
in which the spacer molecule is mercaptoacetic acid, the 
disulfide of raercapto acetic acid, mercaptopropionic 
acid or the disulfide of mercaptopropionic acid, 3- 
mercapto-l,2-propanedio or the disulfide of 3-mercapto- 
1 , 2-propanediol . 

51. A method as claimed in any one of claims 44 to 50 
in which the hydrophobic region of a proportion of the 
linker lipid s have covalently attached thereto an 
ionophore via a hydrophobic spacer, 

52. A method as claimed in any one of claims 44 to 51 
in which the lipid and ionophore solution in step (4) 
contains no alkane such as decane, dodecane, tetradecane 
or hexadecane. 

53. A method as claimed in any one of claims 44 to 52 
in which the lipid in step (4) is glycerol monophytanyl 
ether. 

54. a method as claimed in any one of claims 44 to 52 
in which the lipid in step (4) is a mixture of glycerol 
monophytanyl ether and a lipid having a polyethylene 
glycol group of between 600-6000g/mol as ahead group. 

55. A method as claimed in any one of claims 44 to 54 
in which the lipid is a mixture of glycerol monophytanyl 
ether and 1-3% of a lipid having a polyethylene glycol 
head group. 

56. A method as claimed in claim 55 in which the 
polyethylene glycol has a molecular weight in the range 

30 of 600-3000g/mol. 

57. A method as claimed in any one of claims 44 to 56 
in which the polyethylene glycol containing lipid 
comprises in the same molecule a phytanyl group attached 
to a succinate group at one end and a polyethylene 
glycol 2000 attached to the other end of the succinate. 
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58. A method as claimed in any one of claims 44 to 52 
in which the lipid is a mixture of glycerol monophytanyl 
ether and a lipid having a phosphatidyl choline head 
group . 

5 59. A method as claimed in any one of claims 44 to 52 
in which the lipid is a mixture of glycerol monophytanyl 
ether and up to 2 0% of a lipid having a phosphatidyl 
choline head group. 

60. A method as claimed in any one of claims 44 to 52 
10 in which the lipid is a mixture of glycerol monophytanyl 
ether and up to 2 0% of a lipid having a phosphatidyl 
choline head group and up to 3% of a lipid having as a 
head group a polyethylene glycol of molecular weight 
between 600-3000g/mol . 
15 61. A method as claimed in any one of claims 44 to 52 
in which the lipid is a mixture of glycerol monophytanyl 
ether and a lipid having a head group in which the head 
group is a Gal(betal-3)galNAc(betal-4) [NAcNeu)alpha2- 
3]gal(betal-4)Glc-ceramide carbohydrate head group. 
20 62. A method as claimed in any one of claims 44 to 61 
in which a plurality of ionophores are functionalised 
with a derivative of a low molecular weight analyte 
whose presence is to be detected. 

63. A method of producing an electrode membrane 
25 combination, the method comprising the following 
sequential steps :- 

(1) Forming a solution comprising ion channels having 
attached at an end thereof a reservoir region, the 
reservoir region including a hydrophilic group and 

30 an attachment group; and a reservoir lipid, the 

reservoir lipid comprising a hydrophobic region, a 
hydrophilic region and an attachment region in a 
polar carrier solvent; 

(2) Contacting the electrode with the solution from 

35 s t.ep (1), the composition of the electrode and the 

attachment groups and the attachment regions being 
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selected such that the attachment groups and the 
attachment regions chemisorb to the electrode- 

(3) After a period of incubation rinsing the coated 
electrode from step (2) to remove unbound 
material; 

(4) Adding to the rinsed electrode from step (3) a 
solution comprising ion channels and a lipid in a 
carrier solvent; and 

(5) Adding to the electrode from step (4) an aqueous 
solution such that a lipid bilayer membrane 
coating the electrode is formed. 

64. A method as claimed in claim 63 in which the 
solution in step l further includes a lipid. 

65. a method as claimed in claim 63 or 64 in which the 
ion channels are gramicidin or analogues or derivatives 
thereof . 

66. A method as claimed in any one of claims 63 to 65 
xn which the ion channels are linker gramicidin B. 

67. a method as claimed in any one of claims 63 to 66 
in which the reservoir lipid is 

23-(20^Oxo-l 9 '-oxaeicosa- (2) -9'-ene).70-phenyl-20 / 25,28 
, 42, 45-pentaoxo-24- aZ a-19,29,32, 35,38,41,46,47, 52, 55-dec 
aoxa-58,59-dithiahexaconta-(Z)-9-ene or reservoir 
phytanyl lipid (B) or reservoir phytanyl lipid (C) 

68. A method as claimed in any one of claims 63 to 67 
in which the reservoir lipid used in the solution in 
step 1 has a biotin containing head group . 

69. a method as claimed in any one of claims 63 to 67 
xn which the reservoir lipid used in step 1 has a head 
group used to couple the reservoir lipid to a protein 
molecule . 

70. A method as claimed in any one of claims 63 to 67 
in which the reservoir lipid used in step 1 has as a 

head group a polyethylene glycol or phosphatidyl choline 
group . 
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71 . a method as claimed in any one of claims 63 to 70 
in which the lipid in the solution in step 1 and/or step 
4 is glycerol monoalkenoate. 

72. A method as claimed in any one of claims 63 to 70 
in which the lipid in the solution in step 1 and/or step 
4 is glycerol monooleate . 

73. A method as claimed in claim 71 in which the lipid 
is a glycerol monoalkenoate where the alkenoate group 
may be an unsaturated hydrocarbon chain of between 16-22 
carbons in length. 

74 A method as claimed in any one of claims 63 to 73 
in which the lipid in step 4 is a glycerol monoalkyl 
ether where the alkyl group is a hydrocarbon chain of 
between 16-22 carbons in length. 
15 75. A method as claimed in any one of claims 63 to 73 
in which the lipid in step 4 is glycerol monooleate, 
glycerol monopalmitoleic, mono-ll-eicosenoin, or mono- 

erucin. , 

76 A method as claimed in any one of claims 63 to 73 
in which the lipid in step 4 is glycerol monophytanyl 

ether. . 

77 A method as claimed in any one of claims 63 to 7 3 
in which the lipid in step 4 is a mixture of glycerol 
monoalkyl ether or glycerol monoalkenoate and a lipid 
where the head group is a polyethylene glycol group of 
between 600-6000g/mol . 

78. A method as claimed in any one of claims 63 to 73 
in which the lipid in step 4 is a mixture of glycerol 
monoalkyl ether or glycerol monoalkenoate and 1-3% of a 
lipid where the head group is a polyethylene glycol 
group . 

79 A method as claimed in claim 78 in which the 
polyethylene glycol has a molecular weight in the range 
of 600-3000g/mol. 
35 80 A method as claimed in claim 78 or 79 in which the 
polyethylene glycol containing lipid comprises in the 
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same molecule a phytanyl group attached to a succinate 
group at one end and a polyethylene glycol 2000 attached 
to the other end of the succinate. 

81. A method as claimed in any one of claims 6 3 to 73 
5 in which the lipid in step 4 is a mixture of glycerol 

monoalkyl ether or glycerol monoalkenoate and a lipid 
where the head group is a phosphatidyl choline head 
group . 

82. A method as claimed in any one of claims 63 to 73 
in which the lipid in step 4 is a mixture of glycerol 
monoalkyl ether or glycerol monoalkenoate and up to 20% 
of a lipid where the head group is a phosphatidyl 
choline head group. 

83. A method as claimed in any one of claims 63 to 73 
in which the lipid in step 4 is a mixture of glycerol 
monoalkyl ether or glycerol monoalkenoate and up to 20% 
of a lipid where the head group is a phosphatidyl 
choline head group and up to 3% of a lipid where the 
head group is a polyethylene glycol of molecular weight 
between 600-3000g/mol . 

84. A method as claimed in any one of claims 63 to 73 

in which the lipid in step 4 is a mixture of glycerol 

monoalkyl ether or glycerol monoalkenoate and a lipid 

where the head group is a gal(betal-3)galNAc (betal- 

4) [NAcNeu(alpha2-3]gal(betal-4)Glc-ceramide carbohydrate 
head group . 

85. A method as claimed in any one of claims 63 to 84 
in which the solutions in steps (1) and (4) contain less 
than 2%, and preferably 0% of an alkane such as decane, 
dodecane, tertradecane or hexadecane. 

86. A biosensor for use in detecting the presence or 
absence of an analyte in a sample, the biosensor 
comprising an electrode and a bilayer membrane 
comprising a top layer and a bottom layer, the bottom 
layer being proximal to and connected to the electrode 
such that a space exists between the membrane and the 
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electrode, the conductance of the membrane being 
dependent on the presence or absence of the analyte, the 
membrane comprising a closely packed array of 
amphiphilic molecules and a plurality of ionophores 
5 dispersed therein, and a layer of a hydrogel formed on 

top of the lipid bilayer membrane, the hydrogel allowing 
the passage of the analyte molecule to be detected. 

87. A biosensor as claimed in claim 86 in which the 

hydrogel is a thermosetting gel. 
10 88. A biosensor as claimed in claim 87 in which the 

thermosetting gel is an agar gel. 

89. A biosensor as claimed in claim 87 in which the 
gel contains between 0.3-5% agar. 

90. A biosensor as claimed in claim 87 in which the 
15 thermosetting gel is a gelatine gel. 

91. A biosensor as claimed in claim 86 in which the 
hydrogel is an in situ polymerised hydrogel. 

92. A biosensor as claimed in claim 86 in which the 
hydrogel is an acrylic acid or an acrylic acid 

20 derivative that is polymerised by free radial 
polymerisation . 

93. A biosensor as claimed in claim 86 in which the 
hydrogel is formed from acrylamide and a bisacrylamide 
cross-linker . 

25 94. A biosensor as claimed in claim 86 in which the 
hydrogel is formed from cross-linked hydroxyethyl 
acrylate or hydroxyethyl methacrylate or other 
biocompatible gel . 

95. A biosensor as claimed in any one of claims 86 to 
30 94 in which the ionophore is capable of transporting an 

ion that is produced by the reaction of an enzyme with 
its substrate, said enzyme being either covalently or 
non-covalently attached to the hydrogel. 

96. An electrode membrane combination comprising an 
35 electrode and an ionically insulating monolayer 

membrane, the membrane comprising a closely packed array 
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of amphiphilic molecules and a plurality of ionophores 
dispersed therein, said amphiphilic molecules comprising 
within the same molecule a hydrophobic region, an 
attachment region attached to the electrode, a 
hydrophilic region intermediate said hydrophobic and 
attachment regions, the space formed by said hydrophilic 
region between the electrode and the membrane being 
sufficient to allow the flux of ions through the 
ionophores, and a head group attached to the hydrophobic 
portion of the molecule at a site remote from the 
hydrophilic region. 

97. An electrode membrane combination as claimed in 
claim 96 in which the monolayer membrane molecule has a 
hydrophobic region that consists of oligomers of long 
chain amino acids, where the amino acids are linked via 
amide linkages that are substituted at the nitrogen with 
hydrocarbon alkane groups. 

98. An electrode membrane combination as claimed in 
claim 97 in which the structure of the amino acids is 
such that the amino group is separated from the acid 
group by an alkane chain of between 6-20 carbons long, 
and that the alkane chains attached to the nitrogen are 
between 10-20 carbon atoms long. 

99. An electrode membrane combination as claimed in 
claim 96 in which the alkane groups are phytanyl or 
similar substituted alkane groups. 

100. An electrode membrane combination as claimed in 
claim 96 in which- the membrane consists of a monolayer 
membrane molecule where the hydrophobic region consists 
in a tertiary, trialkyl amine that is functionalised at 
two of the alkyl chains such that the tertiary amine is 
attached to a monoalkyl substituted glycerol, monoalkyl 
substituted glutamic acid to form dialkyl lipids. 

101. An electrode membrane combination as claimed in 
claim 9 6 in which the membrane consists in a monolayer 
membrane where the hydrophobic region consists in a 
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tetra alkylated pentaerythritol derivative where two of 
the alkyl chains are functionalised so as to allow 
attachment to monoalkyl substituted glycerol or glutamic 
acid. 

5 102. An electrode membrane combination as claimed in 
any one of claims 96 to 101 in which the ionophore is 
capable of transporting an ion that is produced by the 
reaction of an enzyme with its substrate, said enzyme 
being either covalently or non-covalently attached to 

10 the membrane surface. 

103. An electrode membrane combination as claimed in 
claim 102 in which the enzyme is a urease. 

104 . A membrane including the linker lipid as claimed 
in any one of claims 1 to 32 and/or the synthetic lipid 

15 as claimed in any one of claims 33 to 44. 

105. A membrane electrode combination produced by the 
method as claimed in any one of claims 45 to 85. 
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